Abstract: This study explores the potential of game-generated feedback to support primary school students' problem solving processes in non-routine contextual number problems with interrelated values. The students were invited to play an online game at home that was extended with some additional problems. A paper-and-pencil test was used as a pre and posttest and special software monitored the online computer activity. The data analysis showed that game-generated feedback supported students in detecting and correcting their errors. The students were more successful in problem solving in the online game than in the paper-and-pencil condition where no feedback was available. Another result was that the students performed better in the posttest than in the pretest and verified their answers more often. This last finding suggests that game-generated feedback stimulated student-generated feedback.
Introduction
Developing algebraic reasoning is an important goal in mathematics education (Katz, 2007) . Algebra is considered as foundational for all mathematics and science and a subject that allows further access to technical professions. In fact it is seen as a gateway to later achievement. Despite the fact that algebra comprises a substantial part of the mathematics curriculum in secondary school, many students encounter considerable problems in learning algebra. For example, the equal sign (Booth, 1984) and different conceptions of variable (Malisani and Spagnolo, 2009 ) have often been mentioned as sources of difficulties for beginning algebra students.
While some researchers have attributed these obstacles to a cognitive gap between arithmetic and algebra (Herscovics and Linchevski, 1994) , others have ascribed them to the late and abrupt introduction of school algebra (Kaput, 2007) . In the primary grades the focus in mathematics curricula is on developing arithmetic and computational fluency, which in secondary school is followed by an isolated and superficial procedural approach to algebra (Kaput, 2007) . This is an undesirable situation, because it does not offer students a continuing learning pathway. Therefore, several researchers (Kaput, 2007; Smith and Thompson, 2007) have supported the integration of algebra into the early mathematics curriculum. Introducing algebraic reasoning in the early grades prepares students for algebra courses in middle and high school and is essential for accomplishing coherence, depth, and power in school mathematics (Kaput, 2007) .
In the Netherlands, early algebra is not included in the key goals of the primary school mathematics curricula, and students hardly ever deal with (non-routine) problems that could offer them an entry point in learning algebra. Previous research has shown that the mathematics textbook series contain only a small percentage of non-routine tasks (Kolovou et al., 2009) . Consequently, it is no surprise that even the more able Dutch primary school students encounter difficulties in solving non-routine problems (Van den Heuvel-Panhuizen and Bodin-Baarends, 2004) . Similar results were reported in the PISA study. Although Dutch students attain high scores in mathematics, their performance in problem solving is significantly lower (PISA-NL-team, 2006) . Naturally, this situation raises much concern and needs improvement.
The POPO project was set up to investigate ways to improve the problem solving competence of primary school students and to offer them opportunities to prepare for the learning of algebra in secondary school. The focus of this project is on non-routine contextual number problems with interrelated values. These problems can be solved by setting up and solving equations with unknowns. In contrast with secondary school students who have the option of applying formal algebra, primary school students may solve these problems through informal algebraic reasoning. To offer students opportunities to gain experiences with this kind of reasoning, we provided them with an online computer game. The students played the game at home and got instant feedback on the outcome of their actions. In this article we describe how the game-generated feedback supported students' learning in solving early algebra problems.
Teaching algebra in the elementary grades
The introduction of algebra into the elementary grades has been approached from various, often overlapping perspectives, such as generalising arithmetic, introducing variables and covariation in word problems, and focusing on functions. For example, Carraher and Schliemann (2007) argue that early algebra entails a shift away from computations on particular numbers and measures, and towards reasoning about relations among sets of numbers and measures. In line with these definitions of early algebra, students should be engaged "in specially designed activities, so that they can begin to note, articulate, and represent the general patterns they see among variables" [Schliemann et al., (2003), p.128] . Notably, rich problem contexts pose the challenge of generating abstract knowledge about mathematical objects and structure from experience and reasoning in specific situations (Carraher and Schliemann, 2007) .
Information and communication technology (ICT) is recognised as a tool and environment that can play a crucial role in the development of early algebraic reasoning. Researchers have suggested that Logo programming environments (Clements, 2000) and spreadsheets (Sutherland and Rojano, 1993) support the understanding of variables and functional relations. As such, computer software makes the transition from arithmetic to algebraic reasoning possible (Clements, 2000) . Recently, research on exploiting ICT in education has shifted its attention to the potential of computer games to enhance students' mathematical learning (Lee and Chen, 2009) . Computer games create engaging learning experiences and present content in meaningful and relevant contexts, which makes the learning environment more powerful.
Notwithstanding the potential of computer games, research that reports on the use of games for the learning of (early) algebra is scarce. Nevertheless, some encouraging results have been achieved. A study by Lach and Sakshaug (2004) , which included some online games, showed that students' abilities in solving problems involving spatial sense and algebraic reasoning improved by playing games. Another study carried out by Figueira-Sampaio et al. (2009) investigated sixth graders who used a computer toolconsisting of a virtual balance -for solving first degree equations. The study showed that the use of the tool enhanced students' motivation, involvement, cooperation, discussion, and reflection.
The role of feedback
Feedback is considered to have a very powerful effect on learning and achievement (Bransford et al., 2000; Hattie and Timperley, 2007) . What is meant by feedback can differ, but it is generally understood as the information provided by an agent (teacher, peer, book, parent, self, experience) regarding some aspects of one's performance (Hattie and Timperley, 2007; Kluger and DeNisi, 1996) . Characteristic of this information is that it allows the comparison and evaluation of one's actual performance relative to a standard of performance (Kluger and DeNisi, 1996) . Furthermore, according to Shute (2008) feedback can include two types of information, namely verification and elaboration. Verification can occur explicitly (indicating the correctness of a response) or implicitly (showing the result of a student's action, for example within a simulation). In the case of elaboration, the feedback includes, among other things, discussing particular errors, providing worked examples, or giving guidance. Hattie and Timperley (2007) argue that the effect of feedback depends on the level(s) at which the feedback is directed. For example, feedback at the level of the task can be powerful, especially when it gives students information about erroneous hypotheses, but it relies heavily on the students' ability to interpret the information. Other forms of effective feedback are feedback about the processing of the task and feedback about self-regulation; the latter form of feedback is related -among other things -to the students' ability to create internal feedback and to self-assess, which both characterise the more effective learners. Internal feedback, which is generated as learners monitor their engagement in tasks, affects the way externally provided feedback is perceived and utilised (Butler and Winne, 1995) . Since self-regulation plays a fundamental role in problem solving, feedback that influences students' self-regulation might be essential for successful problem solving.
However, the effects of feedback on performance are by no means straightforward. Kluger and DeNisi (1996) showed that these effects are influenced by several variables, such as the nature of the feedback cues (e.g., whether they are positive or negative, what the content is, and what the frequency is), the task characteristics (e.g., novelty, complexity), and situational variables (e.g., goal setting). Furthermore, the mediating role of cognitive engagement on feedback effects has been emphasised (Butler and Winne, 1995) .
Computer-assisted feedback
As technologies change rapidly, new opportunities for providing and using feedback for learning emerge. Bransford et al. (2000) suggest five ways that new technologies can contribute in establishing effective learning environments. Offering opportunities for feedback is one of these ways. In particular, technology provides increasing opportunities for learners to receive feedback from tutoring systems, teachers, and peers, to reflect on their own learning processes, and to revise and improve their understanding and reasoning.
Regarding problem solving, several studies (Bottino et al., 2007; Clements, 2000; Lee and Hollebrands, 2006) have pointed out the importance of computer-assisted feedback. For example, feedback can support the students in error comprehension and allows immediate verification of the correctness of their actions (Bottino et al., 2007) Furthermore, technology tools can provide feedback for reflection, so that students can take more control of their problem solving (Lee and Hollebrands, 2006) . This type of feedback differs from the feedback in which students' problem solving is guided by hints and prompts (Lee and Hollebrands, 2006) . This distinction resembles the idea of Shute (2008) who juxtaposed verification feedback and elaboration feedback.
Actually, a similar distinction is made by Nathan (1998) . He distinguishes between feedback that is delivered by an intelligent tutoring system (ITS) and feedback that is generated from an unintelligent tutoring system (unITS). An ITS compares the student's response with the performance of an expert. Nathan calls this type of feedback knowledge-based. The diagnosis of the students' problem solving and suggestions for improvement are presented directly to the students. On the contrary, a unITS just shows the consequences of students' actions and the students have to interpret this information. Therefore, this type of feedback, called situation-based feedback, requires that the students use their own knowledge and perform self-assessment and error detection. The students then debug their solutions until an acceptable solution is found. Experimental results showed that students who had worked in unITS that incorporate the situation-based type of feedback performed significantly higher in solving algebra story problems.
In general, the role of computer feedback to support students' learning has been investigated when the computer was used in school. Little research has been done in a setting -for instance, at home -where no teacher is present to guide students' learning processes. As a consequence, hardly anything is known about how students regulate their problem solving processes based only on the feedback they receive from a computer.
Research design

Research question
The present study addressed the following research question: Can feedback resulting from playing an online game at home contribute to students' ability in solving early algebra problems?
Method
To answer this research question, we first collected data with a paper-and-pencil test on early algebra consisting of seven non-routine contextual number problems with interrelated values. During and after doing this test, students received no feedback, neither on their answers, nor on their problem solving processes. After one week, each of the students got a unique account and a password in order to log in to an online environment and play with a computer game. They also got a set of problems to solve with the aid of the computer game at home. Because we wanted to create a situation similar to regular home computer use, the students could decide themselves whether or not they went online and how they played the game. While playing the game, the students were automatically informed about the consequences of their actions and their activities were recorded by special monitoring software. After four weeks the paper-and-pencil test was administered again.
Participants
Five grade 6 classes from five schools in a big city in the Netherlands participated in the study. Of the 123 students who were invited to go to the online environment, 96 students (46 boys and 50 girls) logged in. Their average age was 11.8 years (SD = .55) and their general mathematical ability as measured by the CITO E5 test was 116.0 (SD = 10.1). This score corresponds to level B, which ranges from 111 to 117 points and includes students whose score lies between the 50th and 75th percentile. The students who logged in did not differ from the total group of students in respect to the CITO E5 test score (M = 115.8 SD = 10.4), the students' age (M = 11.8 SD = .53) and the boys-girls ratio (62 boys and 61 girls).
Paper-and-pencil test
The paper-and-pencil test consisted of seven non-routine contextual number problems with interrelated values. The following two problems were included in the test:
• 'Quiz' problem: In a quiz you get two points for each correct answer. If a question is not answered or the answer is wrong, one point is subtracted from your score. The quiz contains ten questions. Tina received eight points in total. How many questions did Tina answer correctly?
• 'Hit the target' problem: You get two points if your arrow hits the white part in the middle of the target. If you do not hit it, one point is taken away from your score. Anne shot ten arrows. She has in total eight points. How often did Anne shoot in the target?
These problems can be solved by a variety of approaches, ranging from trial-and-error to a more sophisticated algebraic approach. However, the latter approach is unlikely because primary school students do not possess any algebraic tools. Instead, they can apply informal, context-connected solutions. These strategies and the accompanying notations can provide important entry points for learning algebra.
The computer game and the ICT environment
The environment that was developed to give students experience in dealing with interrelated varying values includes an archery game, called 'hit the target'
1 . The default game screen (see Figure 1 ) displays the following objects: a target, a pile of arrows and a bow, a score board, a frame where the students can fill in the game rule, and a frame where the students can fill in the number of hits, misses, and randomly shot arrows. The students have the opportunity to define the game settings. For example, they can choose between user-defined or computer-defined game rule. In the user-defined game rule they can fill in the points that are added or subtracted in case of a hit or a miss. In the computer-defined game rule, the computer sets the rule randomly. The students can also determine the shooting mode by choosing between the user-shooting mode and the computer-shooting mode. In the user-shooting mode the students can shoot arrows one by one by dragging them to the bow and monitor their score after each shot. In the computer-shooting mode the arrows are shot at once according to the entered values and the scoreboard updates rapidly to inform the students about their score. This dynamic game feature provides feedback to the students. As a matter of fact, the game does not diagnose the students' answers; instead, the feedback includes information that the students can use to compare the values on the scoreboard with the intended values. In other words, the game provides situation-based feedback, which the students must interpret and can use to modify their solution if necessary.
The ICT environment was connected to the so-called digital mathematics environment (DWO) 2 . This software traces students' actions while working online. The log data of each student consisted of a list of events (i.e., shooting actions) carried out by the student in the online environment. Furthermore, the date, time, and duration of the online work were registered. Figure 2 shows how a student solved a problem by several attempts. Figure 2 Screen view of the log data generated by the DWO The students had a three-week period to work in the online environment. Each week they received a number of problems; 14 in total (eight problems of which six consisted of two parts). These problems were given to the students to guide their work with the game and varied from finding the pair of hits and misses that produces a particular score, to generating a general rule by systematising all solutions. For some problems more than one correct answer was possible, while others had only one correct answer. For example, the following problems were given to the students: Problem 3a What is the game rule to get 15 points in total with 15 hits and 15 misses? Problem 3b Are there other game rules to get 15 hits, 15 misses, and 15 points? Problem 4a What is the game rule to get 16 points in total with 16 hits and 16 misses? Problem 4b Are there other game rules to get 16 hits, 16 misses, and 16 points? Problem 8 For every hit you gain two points and for every miss one point is taken away from your score. You have ten arrows in total. How many hits and misses do you have to shoot to get five points in total?
When the students were verifying their solution to a problem they generally compared the number of hits, misses, and the total score on the scoreboard with the values in the problem statement. The aim of this computer-based intervention was to make the shift from the students' focus on particular values to a focus on relations between values. This means that -in spite of the fact that the numbers involved in a problem vary -the students may become aware of the invariant structure of the problem. Comprehending this invariable structure is an important aspect of algebraic reasoning. In this way, algebra as understanding patterns, relations, and functions (NCTM, 2000) can be taught in the early grades.
Results
In this section we first discuss the results of the quiz and the hit the target problem that were included in the paper-and-pencil test. Then, we relate these results to the results of five online problems that we consider as key problems in supporting the students' problem solving.
Pre and posttest
Of the 96 students who were logged in, 85 did both the pretest and the posttest. As shown is Table 1, in the pretest one third of the students came up with a correct answer in both problems. In the posttest, however, half of the students answered both problems correctly. Table 1 also displays the strategies that students used to come to a solution (correct or wrong). Some students applied more than one strategy. The use of trial-and-error and systematic trialling was rather limited and generally did not change between pre and posttest. The contrary was the case for the proof-or-check strategy, which was applied by a considerable percentage of students (45% to 51%). This strategy implies that students take their answer and perform a calculation with it to test whether the result fits the given number values in the problem. The frequency of applying this strategy was larger in the posttest than in the pretest. The above pattern in strategy use applied with minor differences to both problems. Furthermore, in the posttest most strategies were more successful than in the pretest (see Tables 2 and 3 ). In the quiz problem 54% of the cases of strategy use were related to the correct answer, while in the posttest this occurred in 71% of the cases. In the hit the target problem these percentages were respectively 56% and 74%. 
Online working
Because the game play was optional, the 92 students who were logged in and did the pretest, did not process all the online problems. For example, the five online problems that we consider as key problems were only processed each by 30% to 50% of these students. Table 4 also shows that in general the involvement in the online problems was higher for the students who solved the quiz problem correctly in the pretest. Another finding is that 29% of the students showed an improvement on this problem between the pre and posttest. To find out how the students developed while working online, we traced the online activities of the 11 students who worked on all the five online problems. Table 5 presents the types of solution strategies that the students applied to solve the problems. We distinguished the following types of solution strategies: one attempt (O), more than one attempt (M), complete information use (C) (which implies a correct solution), incomplete information use (I) (which implies a wrong solution), trial-and-error (TandE), and systematic trialling (SYS). Table 5 shows that the students very often (in 70% of the cases) found a correct solution in the first attempt and that they did not apply the same strategy in every problem. Table 4 Results from the logged-in students in the quiz problem and their participation in the online game
Number (%) of logged in students Number of students (%) who worked on the problems in the online game Pretest
Posttest P 3a P 3b P 4a P 4b P 8 Answer-C 27 (90) Answer-W 0
Answer-C 30 Missing 3 (10) 15 (50) 12 (40) 20 (67) 18 (60) Notes: Answer-C = correct answer; answer-W = wrong answer.
Table 5
Types of solution strategies applied by the 11 students in the five online problems and their scores on the quiz problem in the pretest and posttest For example, student 1 (see Figure 3) found a correct solution in Problems 3a and 3b with one attempt, applied a trial-and-error strategy in Problems 4a and 4b, and gave a wrong answer to Problem 8 in one attempt. Evidently, for this student the online game was not very helpful. Both in the pretest and the posttest she could not solve the quiz problem. Student 3 (see Figure 4) found the correct answer to the quiz problem in the pretest and posttest. Her online working showed a smooth pattern of first applying multiple attempts in Problems 3a and 4a followed by a one-attempt answer in Problems 3b and 4b.
Solution types
Student 8 (see Figure 5) is one of the students who clearly gained from the online game. She solved Problem 3a in one attempt and applied multiple attempts to solve Problems 3b and 4a. Then, she solved Problem 4b in one attempt and answered Problem 8 by applying a trial-and-error strategy (see Figure 6 ). The comparison between the pretest and posttest solution of the quiz problem also shows a clear gain. In the posttest she systematically tried a number of combinations of hits and misses (see Figure 6 ), while in the pretest she gave a wrong answer without providing any solution information. The work of student 3 is another example in which the influence of the online game is recognisable. In the posttest, this student used the model of the archery game to solve the quiz problem (see Figure 7 ): first, she stated the rule 'correct: two points; wrong: -1 point' and then she made three systematic attempts, the first with eight correct questions, the second with seven correct questions, and the last with six correct questions. To compare problem solving in situations with and without feedback, we present the results of all the students that worked on the online Problem 8 and who did the quiz problem in the pre and posttest. These were 26 in total. Table 3 displays their results for the quiz problem in the pretest and the posttest and in the online Problem 8. Verifying answer 50 58
Unknown 3 As can be seen in Table 6 , the students had more difficulties with the quiz problem in the paper-and-pencil tests than with the similar online Problem 8. The percentages of correct answers -which actually correspond with the percentages of complete use of information -differ substantially. In the online Problem 8 almost all the students found the correct solution. Obviously, for some students this was a fruitful experience; the posttest result of the quiz problem was higher than the pretest result (46% compared to 69%). Twenty-one students (81%) solved Problem 8 with one attempt, which in most of the cases (for 18 of the 21 students) meant that they shot five hits and five misses in the first attempt. Five students (19%) made multiple attempts and employed either trial-and-error or systematic trialling. In comparison to the pretest, the percentage of trial-and-error remained the same and the systematic trialling increased in the posttest.
Another observation that came to the fore when analysing the solution processes of the students was that verifying does not straightforwardly lead to the correct answer. In case students do not use the complete problem information either when solving the problem or when verifying the answer, the verification procedure does not help students in detecting their error. For example, to solve online Problem 8, a student might try out three hits and one miss, leading to a score of five points, which is the intended amount of points. Then, the student might assume that this is the correct answer, while ignoring the total number of arrows, which are ten. However, this actually happened less often in the online environment than in the paper-and-pencil test: 12% compared to 54% (pretest) and 31% (posttest) of the students gave a wrong solution due to incomplete information use.
Conclusions and discussion
This study is about an online archery game played at home, which directly provided students with the results of their shooting actions. The aim of the study was to investigate the potential of this game to support primary school students in solving early algebra problems.
Based on our results we can claim that there is some evidence that the game-generated or situation-based feedback -as Nathan (1998) called it -contributed to students' ability in solving early algebra problems. Firstly, the students in our study performed better in the online environment than in the paper-and-pencil condition where no feedback was provided. Apparently, during game playing the students were confronted with all the parameters involved in the problem, which helped them to use all the problem information and encouraged them to detect and rectify their errors. Secondly, the students' online working had a positive effect on their performance in the paper-and-pencil posttest. This result is in agreement with Nathan's (1998) suggestion that situation-based feedback can foster higher-order thinking skills and internal learning control producing learning gains. These gains were observable in the increase in performance level between the pretest and the posttest. Moreover, we found that some students enhanced their internal learning control. By playing the game, these students were inclined to verify their answers in the posttest. In fact, this means that the game-generated feedback might have changed the students' attitude and induced student-generated feedback. It is worth noting that a short online intervention that not only took place outside school, but which was also voluntary for the students, turned out to be sufficient to make this happen.
Of course, these findings should be treated with caution. To begin with, we could not control whether the students worked on the online problems by themselves or with the help of a peer or a family member. Nevertheless, because working online was voluntary and the tasks were low-stakes, we believe that the students did not feel the need for assistance. Actually, the diversity in the students' participation (not all students did all online problems) is also an indication that the students worked on their own. If parents had been involved it would have been more likely that the students would have accomplished all the presented problems.
More importantly, we carried out a limited experiment with a small number of students and we only measured a few student characteristics. As a matter of fact, besides the game itself, many other factors could have been of influence on the gain in performance. Therefore, more research is necessary to further explore the potential of computer games with inherent feedback to support students' problem solving competence in the domain of early algebra. On top of that, the monitoring software that we attached to the online environment -and provided us with detailed information about students' problem solving processes -can be used to investigate new possibilities for teachergenerated feedback in connection with this game-generated feedback.
